INTRODUCTION
Materials that display viscoelastic behavior have a distinctive signature when tested in a standard flyer plate geometry. Tests done recently on a plastic bonded high explosive material showed viscoelastic c h a r a c t e r i s t i c s , but when modeled a s purely viscoelastic with constants derived from long term experiments, details of the behavior were not replicated. A PBX is basically a granular material with a p o l y m e r i c binder. Although modeled successfully at small strains with a viscoelastic model, at the higher strains encountered in the flyer plate experiments some behavior of the granular filler emerged. Granular materials are usually modeled with a cap type plasticity formulation. Our goal here is to construct a model that combines some features of both. T h i s is d o n e by developing micromechanically motivated a d d i t i o n s to a viscoelastic model and comparing numerical predictions with the measured velocity histories.
VISCOELASTIC WAVE PROPAGATION
Viscoelastic materials do not necessarily respond with an abrupt change in strain or stress, that is a shock, when loaded with a step velocity input. The waves that a r e generated a r e not s t e a d y and gradually decay with time or distance traveled, or depending on loading and material properties can get steeper. This behavior was extensively studied (1, 2, 3) more than a decade ago, particularly the possibility of generating steady acceleration waves. This behavior is quite different from that observed in elastic-plastic materials a s described in the detailed summary of Davison and Graham (4) .
Recently high quality visar experiments on some plastic bonded explosive materials were done by Jerry Dick ( 5 ) to characterize the high rate behavior of these materials. While the data can be reduced in standard us -up form, by ignoring the gradual initial response, the velocity histories are clearly not shock loading waves, but rather a slowly responding wave with viscoelastic characteristics. Figure 1 
BEHAVIOR OF GRANULAR MATERIALS
Shock loaded granular materials were studied as porous materials by Herrman (6) and others. The soil mechanics community has studied granular materials extensively under many loading conditions and generated an extensive literature, see (7,s) and their references. The essential characteristics are irreversible bulk behavior, usually modeled by a plasticity model, and dilantency. Dilantency, or the generation of volume under shear deformation is a very important characteristic of granular materials.
MORPHOLOGY OF PBX MATERIALS
Plastic bonded explosives (PBX) exhibit a mixture of granular and viscoelastic behaviors. In the c o m m o n m a n u f a c t u r i n g p r o c e s s , an o r g a n i c explosive, in crystalline form, is coated with a rubbery polymer used a s binder to allow easy fabrication and use. Explosive materials usually only contain 5-10 weight % of binder. A t small strain levels modeling with viscoelastic behavior is a good approximation, even over very wide ranges of strain rate. This is the accepted technique for modeling long time behavior and, as we shall see, should be used as well for shock loading conditions if faithful reproduction of experimental results is desired. At larger strain levels we have evidence of granular behavior such as dilatation. For example, cores taken from recovered samples in the Steven Test geometry, where strain rates are 1OOO/s and there is substantial lateral confinement, still show lower densities than the original material. This is expected based on the observed microstructure. Optical microscopy and particle size analysis done by Skidmore(9) show the wide range of particle s i z e s , packing of s m a l l e r p a r t i c l e s b e t w e e n interstitial spaces of the larger particles and binder filling the remaining space. The large number of fines, less than 1 micron in size, are likely acting as reinforcements to the binder but otherwise not involved with the larger particles.
INTERGRANULAR STRESS STIFFENING
A pressing operation at elevated temperatures, 100 C, and high pressures, 100-200 MPa, is used to consolidate the PBX molding powder. Because of the differences in coefficients of thermal expansion and bulk modulus between the crystalline material and the polymer binder, the material is left in a stressed and/or porous state upon cooling back to ambient conditions of 20C and 0.1 MPa. Estimates of the mismatch indicate residual void volumes of a few percent, assuming no residual stress, in rough agreement with observed densities for as pressed parts. This estimate shows the volume change from p r e s s u r e c h a n g e t o b e l a r g e r than t h a t f r o m temperature change, so the binder grows more than the crystal under release of pressure. One mental picture of this situation is to take an array of cubes, remove material from each corner to hold the binder at its volume under pressure. When the cubes are assembled under pressure with the binder, we have small pyramids of binder between the corners of the cubes. As the pressure is released, and temperature lowered, the pucks of binder separate the faces of the cubes, producing some free volume. The actual situation is somewhat more complex because of the distribution of particle sizes and shapes, but the net result is similar. This mental picture leads to behavior that would primarily reflect the binder at low strain levels, but at high pressures the faces of the c r y s t a l s would again c o m e into c o n t a c t , generating substantial inter-crystalline forces.
CONSTITUTIVE MODEL
O n e a p p r o a c h to m e r g i n g t h e s m a l l s t r a i n v i s c o e l a s t i c b e h a v i o r , b i n d e r h e a t i n g , a n d intercrystalline forces at high pressures is to add a density dependent set of stresses that represent the intercrystalline forces. Because we are primarily interested in the effects in flyer plate experiments we simplify the intercrystalline force model to generate only pressures, as a function of the current density and a reference density taken as the peak value of the density history. For general strain states shear stresses must be included as well.
The total stress is taken as the sum of a viscoelastic binder stress and interparticle o r crystalline stress, CT = 0 , , + CT c . The binder stress comes from a standard hereditary integral formulation,
where the relaxation function is usually taken as
Temperature effects are included by using a WLF shift function, that accelerates the apparent time by a factor W , calculated as
This is implemented numerically using a Prony series approximation to the power law relaxation function. The general form is m ~( t )
T h e time lags b, are selected to cover a time interval, usually with a constant ratio from term to term. Enough terms must be used to cover the times encountered in t h e numerical problem. T h e coefficients e, are determined using a least squares fitting procedure. 
NUMERICAL RESULTS
This model is implemented in a UMAT routine (10) for use with the structural analysis code ABAQUS.
T h e routine could b e a d a p t e d to o t h e r c o d e s however ABAQUS is well suited for evaluating the viscoelastic part of the model. A detailed model of the flyer plate experiment was developed using several hundred elements in each layer of material. 
CONCLUSIONS
One interesting feature of this study is the extension of a basic viscoelastic model over eight decades of strain-rate with reasonable agreement. Although the polymer physics community might not find this surprising, many in the shock wave community seem to find it odd. Clearly additional work needs to be d o n e b e f o r e a n y c l a i m s a r e m a d e a b o u t t h e application range of the model developed. The inclusion of shear strengthening mechanisms in the granular stress is essential, and thermal softening of the binder might be important. The probIem is finding appropriate experimental data to support the modeling work. At low rates, bi-axial experiments a r e used to separate o r delineate the bulk and deviatoric behaviors. Under high rate loading conditions this type of experiment is very difficult to arrange. Perhaps the unloading waves seen in long time recordings from flyer plate experiments could be used to obtain some information under non-1D strain loading situations. W e also hope to create detailed numerical models at the microstructural level to study the local binder-particle interactions.
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